Introduction
Higher plants are characterized by a complex life cycle that consists of alternating haploid and diploid generations. The diploid life form, termed sporophytic, supports meiosis that produces the haploid male and female spores and initiates the gametophytic generation. The female sporophyte also supplies the maternal structures such as the integuments within which the seed is nurtured (reviewed in Reference 1). Gametogenesis and fertilization take place in an environment where gametophytic and sporophytic structures interact and are placed under several layers of haploid and diploid genetic controls. 1 This interaction culminates in the formation of a new diploid generation during a complex process called double fertilization. 2 Following female meiosis three out of the four spores degenerate and the surviving spore produces a female gametophyte (embryo sac), which contains eight nuclei and seven cells. Two cells are female gametes, the haploid egg cell and the homodiploid central cell. The haploid product of male meiosis (pollen) produces a tip-growing pollen tube on the sporophytic receptive stigma and eventually enters the ovule through the micropyle (sporophytic) and delivers two sperms into the embryo sac. Following fusion of these two sperm cells two zygotic products are produced, the diploid embryo zygote that develops as the daughter plant and a triploid cell that develops as endosperm. 3, 4 Higher plant reproduction is thus characterized by the involvement of five developmental phases, the diploid sporophytic mother, the haploid female gametophyte, the haploid male gametophyte, the developing diploid embryo and the developing triploid endosperm. The development of the embryo sac and the seed are under the direct maternal controls of both the sporophytic and the female gametophytic origin. The paternal gametophytic and post-fertilization sporophytic controls are other levels in the complex genetic interactions that govern seed development.
Female sporophytic control of embryo sac development
There are two ways whereby the embryo sac development can be maternally controlled. First, the development of the megaspore mother cell and meiosis are under direct sporophytic control of female specific genes. Defects caused by these mutations cannot be rescued by pollination and thus the lesions are by def-inition maternal, although they may not be formally maternal-effect genes. 5, 6 A number of mutants have recently been isolated, including ones that affect female meiosis and the corresponding genes have been cloned. 7, 8 The mutants belonging to this class show that female gametophytic development is under the genetic control of the mother sporophyte.
Maternal effect genes in seed development
Egg cells from flowering plants contain a relatively small amount of cytoplasm compared with animal egg cells. Thus asymmetrically distributed maternally derived gene products may not be as important in setting up polarized information in the plant embryo. Indeed embryogenesis in plants can occur somatically; thus there may not be a very elaborate maternal program to control the zygotic component of seed development. Some key genes in maternal control are being discovered using mutational studies as well as through transgenic studies involving specific regulatory genes.
A true maternal effect embryo lethal mutation would show an impaired phenotype irrespective of the genotype of the zygotic embryo. In such a recessive mutant even a homozygous mutant embryo would be able to grow if the sporophyte is heterozygous. In contrast, even a heterozygous embryo would be defective if the seed-carrying mother is homozygous for the mutation. A maternal effect embryo lethal mutation can be identified as a female sterile plant in which embryo development is arrested even if the egg is fertilized with pollen carrying a normal allele. However as shown later genomic imprinting makes the genetic identification of true maternal mutation problematic.
Maternal effect is often shown by an impaired function of the maternal structures that nourish the seed. The outermost cell layers of the plant seed are the seed coats that are derived from the ovule integument and are of sporophytic maternal origin. A number of mutants altering different features of the seed coat have been described. Some of these mutations that affect the development of the integument also affect embryo and endosperm development. These include mutants that affect the function of the maternal tissues involved in the control of nutrient flow into the endosperm. Such mutants were initially described in Barley. 9 In mutants seg1, seg3, seg6 and seg7, the chalazal maternal transmitting tissue becomes necrotic and as a consequence, the supply of nutrient is presumably cut off and reserve storage in the endosperm is prevented, ultimately causing seed lethality. More recently, two mutants belonging to a similar phenotypic class have been analysed at the molecular level in maize. In this species, a specialized type of cell, transfer cell has been described in the endosperm. 10 These cells form the transfer layer that overlays the chalaza where vascular tissues deliver nutrients. Endosperm transfer cells express a specific invertase INCW2 11 and small peptides BETL1-4. 12 The mutants reduced grain-filling-1 13 and miniature1 14 show degeneration of the maternal chalaza. Miniature1 encodes an invertase and its mutation probably causes an imbalance in sourcesink relationships in the seed. Interestingly, the degeneration of the maternal tissue is paralleled with a decreased expression of BETL genes in the endosperm, thus showing a direct maternal sporophytic control of endosperm development.
The phenotypes of the sin1 mutants in Arabidopsis 15 and down-regulation of the expression of the genes FBP7 and FBP11 16 in Petunia have shown evidence of maternal sporophytic controls that are probably not related to seed nutrition. The mutant sin1 shows pleiotropic defects in plant development, including abnormal integuments, delayed flowering time and embryo formation. 15, 17 Homozygous sin1 mother plants produce seeds that show various embryo defects that include abnormal development of the meristems and the development of single or fused cotyledons instead of two. The maternal expression of wild-type SIN1 function seems to be crucial for normal embryo development establishing SIN1 as a bona fide maternal effect gene. SIN1 encodes a multidomain protein with a DEAH box RNA helicase C motif, a STAUFEN-like double stranded RNA binding motif, and a novel conserved motif also found in ZWILLE/ARGONAUT and the silencing factor RDE1. It is thus probable that SIN1 is involved in post-transcriptional regulation, which could be related to the pleiotropic phenotype associated with sin1 mutants (A. Ray, unpublished, pers com). Interestingly SIN1 is the same as the Carpel Factory (CAF ) gene, required for normal cell division in the floral meristem. 18 Maternal effect has also been identified by a candidate gene strategy in transgenic plants. FLORAL BINDING PROTEIN 7 (FBP7) and FBP11 genes encode MADS box protein, a family of transcription factors and are expressed in the ovule integuments. Ectopic expression of FBP7 caused co-supression of both FBP7 and FBP11 and caused abnormal endosperm development. This is likely due to a cell non-autonomous effect since pollination of plants that exhibit co-suppression of FBP7/11 with wild-type pollen does not rescue the abnormal endosperm development. 16 In seeds developing from the reciprocal cross, in which the co-suppressed genome is derived paternally and the female parent contains normal FBP7 and FBP11 loci, endosperm development was normal. Thus normal maternal expression of FBP7 and FBP11 seems to be required for normal endosperm development. Together with sin1, these reports represent some of the few examples published to date of maternal sporophytic effects on endosperm or embryo development.
Paternal silencing during early embryo development; a genome-wide maternal effect?
Conventional Mendelian genetics assumes that both paternal and maternal genomes contribute equally in a developing zygote. However, a recent study suggests that a large part of the paternal genome is not expressed during early seed development and the maternal genome alone directs early embryogenesis. 19 A plant heterozygous for the embryo lethal mutant gnom produces 25% aborted seeds indicating that the paternally derived GNOM gene (p-GNOM ) is able to complement the maternal gnom (m-gnom) in the developing seed. 20 However, a recent experiment indicates that when the developing zygote is observed at a very early stage a m-gnom/p-gnom seed and a m-gnom/p-GNOM seed look identical, both showing signs of impaired embryo development, suggesting that p-GNOM is not active. 19 However, at a later stage of embryo development the m-gnom/p-GNOM becomes normal and produces normal seed. In addition, by monitoring the expression using a GUS reporter gene another 20 paternally introduced loci were found not to be expressed during early seed development suggesting that many genes are silenced in Arabidopsis during early seed development.
Gametophytic control of fertilization
A female gametophytic mutation is clearly distinguishable from a maternal effect mutation by its genetic behaviour. Self-pollinated heterozygous plants carrying a female gametophytic mutation would produce 50% normal seed and 50% aborted seed. This genetic screen has been used to define a number of genes that give rise to gametophytic female sterility. 21 In recent years a class of female gametophytic mutations that has attracted wide spread attention is the FIS class of genes of Arabidopsis that initiate Fertilization I ndependent Seed formation (reviewed in Reference 3).
Genetic screens designed to isolate mutants in whom aspects of seed development are uncoupled from fertilization identified three genes, FIS1/MEA, FIS2 and FIS3/FIE. Two different genetic screens have led to the isolation of alleles that define these three genes. [22] [23] [24] [25] [26] Two different allelic forms of FIS1, emb173 and mea were also isolated as mutants that form 50% shrivelled embryo arrested seed. 22 All three mutations create the female gametophytic phenotype of an arrested embryo following pollination and endosperm development without pollination. FIS1/MEDEA and FIS3/FIE encode members of the Polycomb group (PcG) proteins and FIS2 encodes a transcription factor with domains including a Zn finger, a unique domain with repeats, as well as a carboxy terminal domain shared by a family of protein in diverse organisms. 1, [26] [27] [28] FIS2 shares homology to the Drosophila gene Su (z)12, a gene that controls the expression of drosophila homeobox genes, and the Arabidopsis genes EMF2 and VERN2, both involved in flowering (reviewed in Reference 1). In addition it is partially homologous to a human gene KIAA1060 in chromosome 17. 1 It has been shown that FIS1 and FIS3 interact both in vitro and in vivo but no interaction of FIS2 has been shown with either FIS1 or FIS3. The precise mechanism of the interaction of FIS2 with FIS1 and the FIS3 remains to be identified. 3, 29 The fis class of mutants also has an altered pattern formation along the anterior-posterior axis of the developing seed. 30 When fis ovules are fertilized with FIS pollen, chalazal cysts are producing not only in the chalazal region but also elsewhere and endosperm markers normally expressed in the chalazal region are also expressed in other endosperm domains.
In other species, PcG proteins form multiprotein complexes that have a general repressive effect on gene expression, presumably through effects on chromatin remodelling. 31 These genes are thought to be involved in establishing and maintaining an epigenetic state through successive cell division. It has been hypothesized that the FIS protein complex might repress a number of target genes, some of which are involved in controlling the initiation of seed development. 27 
Parent of origin effect on seed development and DNA methylation
A paternally derived FIS allele is unable to rescue the maternal defect of maternal fis alleles. This result is consistent with the idea of silencing of the paternally derived FIS genes by imprinting. 32 In support of this idea the promoters of all three FIS genes linked to GUS reporter were found to be expressed maternally in the developing endosperm and not expressed when derived paternally (Figure 1) . 32 It has been postulated that imprinting is mediated by DNA methylation, 33 and a gene DDM1 that controls chromatin remodelling has also been implicated in controlling imprinting. 34 Thus it is possible that an altered level of DNA methylation in the paternal genome 35 would change the parent of origin effect shown by the fis mutations. Using a transgenic DNA methyltransferase 1 antisense (METI a/s) plant with reduced global levels of DNA methylation 36 Luo et al. 32 and Vinkenoog et al. 37 demonstrated that the maternal defect of the fis mutations could be rescued by reduced DNA methylation in the paternal genome ( Figure 1 ). However the rescue did not require the corresponding functional paternal alleles of MEA and FIS2 to be active. 32 Paternally derived MEA::GUS and FIS2:GUS still remained silenced during early seed development even when they were delivered from a hypomethylated pollen parent. Thus hypomethylation does not seem to break the imprinting of these two FIS genes nor are the functions of these genes required for mutant seed rescue. 32 In contrast, for the rescue of the maternal fis3/fie allele by hypomethylated pollen there is an apparent need of a paternally derived FIE allele. 37 These results indicate that important additional genes controlling imprinting and maternal effect remains to be identified.
Conclusions
Paternal and maternal genomes interact in a coordinated manner to produce seed. Evolutionary arguments have been used to postulate a conflict of interest between the paternal and the maternal genomes during seed development. 38 Recent isolation of the FIS genes and the corresponding molecular work involving parent of origin effect, imprinting, chromatin remodelling and DNA methylation indicates that genetic as well as epigenetic processes mediate different aspects of seed development. These studies begin an era of intense molecular work that is likely to reveal an intricate regulatory network defining embryo and endosperm development.
In addition to illuminating an important area of plant development these studies will help devise better strategies for food production in the world. 39 
